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1. Introduction 


Methanol is an important bulk chemical in the chemical industry. The global methanol de- 
mand was approximately 32 million metric tons in 2004 and is expected to grow [1]. Metha- 
nol is used mainly for the production of formaldehyde, acetic acid, and application products 
including polymers and paints. Furthermore, methanol can be used as a clean and renewa- 
ble energy carrier [1]. Methanol is mainly produced from syngas, a mixture of H,, CO, and 
minor quantities of CO, and CH,. Syngas is commonly produced from fossil resources like 
natural gas or coal. Biomass, however, can also be used as resource for syngas and allows 
the synthesis of green methanol. Green methanol not only has environmental benefits, but 
may also lead to considerable variable cost reductions if the biomass resource has a low or 
even negative value. 


1.1. Renewable methanol 


Methanol synthesis from biomass was already proposed during the first oil crisis in the 
1970s [1]. In the 1980s a comprehensive review was published on the production of metha- 
nol from syngas derived from wood. Different gasification technologies were proposed and 
demonstration projects of these technologies were discussed [2, 3]. In the mid 1990s several 
projects on methanol synthesis from biomass were initiated such as the Hynol project in the 
USA and the BLGMF (black liquor gasification with motor fuels production) process in Swe- 
den [4-6]. Schwarze Pumpe, Germany developed a process to convert coal and waste, in- 
cluding sewage sludge, to methanol (capacity + 150 ML/y) [7]. Unfortunately no 
experimental data of these processes are available in open literature. 


Several initiatives were started in the 2000s. At a scale of 4 t/d, Chemrec in Sweden produces 
methanol and dimethyl ether (DME) since 2011. Syngas is obtained by entrained flow gasifi- 
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cation of black liquor [8]. The production of methanol from glycerol is demonstrated on in- 
dustrial scale by BioMCN in The Netherlands [8]. At BioMCN, the natural gas reforming 
unit has been modified to enable steam reforming of glycerol. The syngas is converted to 
methanol in their conventional packed bed methanol synthesis reactors, with a capacity for 
methanol production of 250 ML/y [8]. 


The amount of published experimental results on the production of methanol from biomass 
is rather limited. Most publications on methanol production from biomass are desk-top 
studies and data comparison is difficult [5, 6, 9-13]. These studies often combine biomass 
gasification and conventional methanol synthesis with, in some cases, electricity production 
[5, 6, 11, 13]. Xu et al. conducted an experimental study and demonstrated methanol produc- 
tion from biomass by reforming pyrolysis liquids into H, and CO, followed by catalytic syn- 
gas conditioning to convert part of the CO, into CO [14]. Methanol synthesis was conducted 
in a packed bed reactor, with an overall carbon conversion of around 23% (corresponding 
with a methanol production rate of 1.3 kg methanol/kg catalyst/h). 


An interesting concept of using biomass to produce methanol is the co-processing of bio- 
mass and fossil resources, e.g. co-gasification of biomass with coal or natural gas [9, 10, 12]. 
The advantage of co-feeding natural gas is that the syngas derived will become more suita- 
ble for methanol synthesis as syngas from biomass is deficient in H, and syngas from natu- 
ral gas in CO or CO). 


The concepts involved in the current processes for the synthesis of methanol from biomass 
generally involve an initial gasification step at elevated temperatures and pressures. The ap- 
proach demonstrated in this chapter is syngas production through a hydrothermal process, 
viz. conversion of a wet biomass stream to syngas by reforming in supercritical water 
(RSCW), followed by high pressure methanol synthesis. 


An interesting wet biomass resource is glycerol, the by-product from the biodiesel indus- 
try. In Europe, the share of transportation fuel to be derived from renewable resources 
in 2020 is targeted at 10% [15]. It is expected that biodiesel and ethanol will make up the 
largest share and consequently Europe’s biodiesel production increased significantly in 
the 2000s (see Figure 1) [16]. In the last few years, though, economics of biodiesel pro- 
duction deteriorated as the income from the sales of glycerol decreased, while the costs 
of feedstock increased. 


As for the production of every (metric) ton of biodiesel, roughly 100 kg of methanol is re- 
quired and a similar quantity of glycerol is produced, both methanol demand and glycerol 
production increased. An interesting option addressing the surplus of glycerol and the de- 
mand for methanol is to produce methanol from the glycerol. If this process is conducted by 
the biodiesel producer he will become less dependent on the methanol spot price, there is a 
(partial) security of supply of methanol, and by-products can be used as a green and sus- 
tainable feed product. However, the scale of traditional methanol synthesis (> 2000 t/d) is 
much larger than the scale of methanol synthesis explored in the Supermethanol project. 
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Figure 1. Biodiesel production in Europe. Adapted from reference [16]. 


The Supermethanol initiative focuses on a small/medium scale biodiesel plant (30,000 — 
100,000 t/y) and the aim of the project is to develop a methanol synthesis process using glyc- 
erol as feed at a capacity matching the biodiesel production. The glycerol intake for the pro- 
duction of syngas will be in the range of 3000 up to 10,000 t/y [17]. The scope of the 
Supermethanol concept is schematically outlined in Figure 2. 


Crude = 
glycerin 


Super- = CO, 
methanol 
Minerals 
Water ie w + water 


Figure 2. Outline of the Supermethanol concept. The glycerol-to-methanol (GtM-) process is the process under inves- 
tigation in the Supermethanol project. 


The biodiesel factory is the core of the process in which vegetable oils react with methanol in 
the presence of a catalyst to produce biodiesel and by-product glycerol. The glycerol can be 
converted into methanol in the glycerol-to-methanol (GtM-) process. This process is an inte- 
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gration of two separate processes, viz. the reforming in supercritical water (RSCW) of glyc- 
erol to syngas, followed by the conversion of this syngas into methanol. Additional fuel gas 
is produced, which can be used to generate heat for the biodiesel production or in the GtM- 
process. A more detailed overview on the GtM-concept is given in the next section. 


2. The glycerol-to-methanol concept 


2.1. Theoretical considerations 


The most attractive syngas for methanol synthesis has a stoichiometric number (Sy), defined 
in Eq. 1, of approximately 2, which corresponds to the stoichiometric ratio for methanol syn- 
thesis. 


_ (Hy ~CO,) _ 


°N=(CO+CO,) w 


When glycerol decomposes solely into H,, CO, and CO, the maximum Sy is 1.33. This is il- 
lustrated by Eqs. 2 and 3. In Eq. 2, glycerol decomposition into syngas including the reversi- 
ble water-gas shift (WGS) reaction is given. The syngas composition at equilibrium 
(neglecting methanation), expressed in terms of x, is a function of the temperature and the 
water concentration. 


C,H,O, 2° >(3-x) CO + (4+x) H, +x CO, (2) 


Application of the definition for Sy and introduction of gas phase compositions in terms of x 
(see Eq. 3) confirms that the Sy value is 1.33 at most and independent of the progress of the 
WGS reaction: 


7 (H, -CO,) _(44+x-x) 
N (CO+CO,) (3-x+x) 


z 3) 


The Sy value, though, can be increased by the addition of H, to, or removal of CO, from, the 
syngas. To obtain the highest methanol yield per kg glycerol, glycerol reforming followed 
by syngas conversion should proceed, for example, according to Eq. 4, where glycerol is se- 
lectively converted into H, CO, and CO,. Subsequently, all H, and CO react to methanol, 
while the CO, remains. 


3 C,;H,O, +2 H,O>7CO+14H, +2 CO, >7CH,OH+2C0, (4) 
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As a theoretical maximum, 2.33 mol carbon/mol glycerol end up in methanol (77.8% on car- 
bon basis or 0.81 kg methanol/kg glycerol on weight basis). Actual yields, however, will be 
lower as both processes, glycerol reforming and methanol synthesis, involve equilibrium re- 
actions and the occurrence of other reactions like the formation of higher hydrocarbons, 
higher alcohols (HA), and methanation. 


2.2. Description of the continuous integrated GtM-bench scale unit 


The integrated unit consists of a reformer section and a methanol synthesis section. A sche- 
matic flow sheet of the unit is given in Figure 3. An extensive description of the reformer 
section is published elsewhere [18]. The reformer section was operated in continuous mode 
with a throughput of 1 L aqueous feed/h. Glycerol and water were introduced to the system 
from feed containers F1 or F2 through a pump and subsequently reformed in five reforming 
reactors (R1 — R5) in series. The temperature in each reactor can be adjusted individually. 


During operation in situ separation of the water and gas phase after the reformer section 
was performed in a high pressure separator (HPS). The liquid phase in the HPS, can ei- 
ther be depressurized and transferred to a low pressure separator (LPS) or recycled via a 
recycle pump. In the former operating mode (using the LPS), the gases dissolved in the 
aqueous phase are released, quantified (Gallus G1.6 gas meter), and analyzed (gas chro- 
matography, GC). In the latter operation mode (recycle mode) the gases remain dis- 
solved and fresh glycerol feed is injected in the recycle stream before the first reforming 
reactor (R1). If required all reforming reactors can easily be filled with catalyst. The gas 
phase from the HPS was directly fed to the methanol synthesis section without upgrad- 
ing or selective removal of components. 


The methanol section contains three tubular packed bed reactors (P1 — P3, each L = 500 mm, 
ID = 10 mm) surrounded by heating jackets. A heating/cooling medium was flown through 
the heating jackets to control the temperature in the reactors. Temperatures were recorded at 
4 positions inside packed bed P2 (at locations 2 to 30 cm from the entrance) and at the exit of 
packed bed reactors P2 and P3. Two or three of the tubular reactors were filled with catalyst 
particles (1 < d, <3 mm). The mixture of methanol, water, and unconverted gases leaving the 
last packed bed (P3) was cooled (cooler C2) using tap water, depressurized and cooled 
(cooler C3) to temperatures below 263 K to trap all condensables. Liquid samples were col- 
lected in a vessel and the unconverted gas was quantified (Gallus G1.6 gas meter) and ana- 
lyzed by GC. The methanol synthesis reactors were operated at temperatures of the heating 
medium between 473 — 523 K and at similar pressure as the reformer section. Several proc- 
ess parameters were logged during operations and the locations, where they were meas- 
ured, are indicated with letters in bold in Figure 3. 


The process pressure was the average of A , the temperature of reactor R5 (T) was meas- 
ured at B at the end of reactor R5, the glycerol feed flow at C, the gas flow of the HPS and 
LPS at D, and D, respectively, the temperature at the end of the methanol synthesis bed at E, 
the amount of liquid product at F, and the unconverted gas flow at G. 
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Figure 3. Flow sheet of the integrated GtM-bench scale unit. HPS and LPS refer to high pressure separator and low 
pressure separator respectively. F = feed container, C = cooler, P = packed bed reactor, R = reforming reactor. The bold 
capital letters correspond to the locations where relevant process parameters were measured [8]. 


2.3. Analyses 


The composition of the off-gas from the reforming section and methanol synthesis section 
was analyzed using an online dual-column gas chromatograph (GC 955, Syntech Spectras) 
equipped with thermal conductivity detectors. CO was analyzed and quantified using a 
molsieve 5 A column (L = 1.6 m) with helium as carrier gas. CH, CO, and C,, were ana- 
lyzed on a Chromosorb 102 column (L = 1.6 m) with helium as carrier gas. H, was analyzed 
on the molsieve column using argon as carrier gas. The total organic carbon (TOC) content 
of the effluent water from the RSCW process was analyzed using a TOC analyzer (TOC- 
Vcsn, Shimadzu). The water content of the methanol was determined by Karl Fischer-titra- 
tion. The composition of the organics in the liquid phase after the methanol synthesis reactor 
was determined with a GC (HP 5890 series II) equipped with a flame ionization detector 
(FID) over a Restek RTX-1701 column (L = 60 m, ID = 0.25 mm) coupled with a mass spec- 
trometer (MS, HP 5972 series). The FID was used for the quantification of the components 
and the MS for the identification of the components. The FID was calibrated for the main 
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constituents of the organic fraction: methanol, ethanol, 1-propanol, 2-propanol, 1-butanol, 2- 
butanol, 1-pentanol, 2-methyl-1-propanol, 2-methyl-1-butanol. 


2.4. Definitions 


The carbon conversion of glycerol (C,,,) in the reformer section is defined as the difference 
between the molar carbon flow of glycerol in the feed and the effluent (Pcg - Pceftuent) Over 
the molar carbon flow of glycerol in the feed (@c gy): 


$c ely 3 Pc effluent 
S gly = 


-100% (5) 
$c ely 


The overall conversion of carbon in glycerol to carbon in methanol (Ce) in the integrated unit 
is the molar carbon flow in methanol (@- meon) over the molar carbon flow of glycerol in the 
feed. 


C,gly 


The methanol yield (7) is the mass flow of methanol (mon) produced over the mass flow of 
glycerol (Q) fed. 


= (7) 


The conversion of gas component i (C;) in methanol synthesis is defined as the molar conver- 
sion rate (jin - Pog) Over the molar flow of component i originally present (¢;;,,) after glycer- 
ol reforming. 


a z Éi in — Gi oft 100% (8) 


iin 


The carbon selectivity towards product i (g;) is defined as the molar carbon flow of product i 
(Pc io) Over the molar carbon flow of glycerol in the feed. 


9c i 
o; = TCA off -100% (9) 
C,gly 
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2.5. Research strategy 


The integration of syngas production in an RSCW-process and syngas conversion in metha- 
nol synthesis is the core of the GtM-process. In the RSCW of glycerol a high pressure syngas 
is produced. The use of this high pressure syngas has distinct advantages for methanol syn- 
thesis, which will be dealt with in Section 4. However, before successful integration both 
processes need to be optimized separately, which was done at the laboratories of the Bio- 
mass Technology Group (BTG) in The Netherlands. A unit was available to investigate both 
process separately before integraton. Results obtained for each process were used to opti- 
mize the overall process and maximize the overall carbon conversion (Ce), which was the 
main focus of the research study on the integrated process. 


3. Glycerol reforming in supercritical water 


3.1. Introduction to reforming 


Water becomes supercritical at conditions above its critical temperature (T, = 647 K) and crit- 
ical pressure (P, = 22.1 MPa). In the phase diagram in Figure 4 the square area in the upper 
right corner represents the supercritical area of water [19]. 


40 


30 


(Liquid) 
Q 
~J 20 Critical point 
oO 
10 
(Vapor) 
0 
273 373 473 573 673 773 873 973 
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Figure 4. Phase diagram of water. Phases are indicated in parenthesis. Hydrothermal processes with their typical con- 
ditions are indicated in the colored areas. Adapted from reference [19]. 


Typical process conditions for three processes considered for wet biomass valorization are 
indicated here, viz. liquefaction, catalytic reforming, and high temperature reforming. Hy- 
drothermal liquefaction is conducted at temperatures below and pressures above the critical 
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point, where biomass is degraded to yield mainly bio-crude (a viscous water-insoluble liq- 
uid), char, water-soluble substances, and gas [20]. RSCW of biomass is aimed at gas produc- 
tion and is carried out at conditions beyond the critical point. Here, water acts both as 
reaction medium and reactant. RSCW of biomass can be subdivided into catalytic reforming 
and noncatalytic reforming. Catalytic reforming is predominantly carried out at the lower 
temperature range, while noncatalytic or high temperature reforming is conducted at the 
higher temperatures (see Figure 4 [19]). 


RSCW is characterized by the occurrence of many reactions, proceeding both in series and in 
parallel. The overall reaction of an actual (biomass) feed to liquid and gas phase products is 
shown in Eq. 10. 


C,H,O,+ a H,O > a CO + p H, +y CO, +ò H,O + e CH, +n CLH O, (10) 


By-products (C,H,O,,) are low molecular weight organic compounds, polymerized prod- 
ucts, higher hydrocarbons (x’22, z’=0), or elemental carbon (y’=z’=0). Some of the low molec- 
ular weight organics can react further to gas phase components. Subsequent reactions of the 
gas phase components may also occur. The following gas phase reactions may occur, de- 
pending on process conditions [21]: 


CO + H,O & CO, +H, (11) 
CO +3 H, <+ CH, + H,O (12) 
CO, +4H, + CH, +2 H,O (13) 
2CO& CO, +C (14) 

CH, e C+2H, (15) 

CO +H, + C+H,O (16) 


The individual reaction rates depend on operating conditions and the presence of catalysts. 
A number of parameters affect the carbon conversion in RSCW, such as feedstock type, feed 
concentration, operating conditions, presence of catalysts or catalytic surfaces, and interac- 
tion between different components. The state of the art of RSCW in the 2000s has been re- 
viewed extensively in several publications [19, 22-28]. 
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3.2. Reforming of pure glycerol and crude glycerin 


The reforming experiments were carried out using only the reforming section of the unit 
depicted in Figure 3. Typical conditions were temperatures of 723 — 923 K, residence 
times between 6 — 45 s, and feed concentrations of 3 — 20 wt%. The pressure was around 
25 MPa. Two different types of glycerol were used, viz. pure glycerol and crude glycer- 
in. Crude glycerin is glycerol derived from biodiesel production. The crude glycerin used 
in this research study contains approximately 5 wt% NaCl. The presence of alkali (in this 
case Na’) influences mainly the WGS reaction (see Eq. 11). The main gas products for 
pure glycerol and crude glycerin were: H, CO, CO, CH, and C,H,. At complete conver- 
sion, roughly 2 mol of carbon in glycerol are converted to carbon oxides while 1 mol of 
carbon ends up as a hydrocarbon. The gas composition/yield appeared to be a function 
of the conversion and independent of the feed concentration. The conversion is a func- 
tion of the process severity, a combination of the residence time and operating tempera- 
ture. In Figure 5 the gas yields (mol gas/mol glycerol) of the two types of glycerol are 
depicted. The trend lines shown are fitted to experimental data points [18]. The differen- 
ces between pure glycerol and crude glycerin can be mainly attributed to the extent of 
the progress of the WGS reaction [18]. 


A, pure glycerol] 3. B, crude glycerin 


Yield (mole gas/mole glycerol) 
Yield (mole gas/mole glycerol) 


Carbon conversion (%) Carbon conversion (%) 
Figure 5. Relations between the conversion and the gas yield for pure glycerol (A) and crude glycerin (B) [29]. 


From reforming studies with methanol as model compound it was concluded that the hy- 
drocarbons present in the gas mixture in case of glycerol reforming appear to be primary 
gas phase products. In the methanol reforming experiments in the same unit, gas mixtures 
with similar H,, CO, and CO, ratios were obtained, but hydrocarbons were hardly observed. 
Thus, gas phase reactions producing hydrocarbons, e.g. methanation, hardly proceed in the 
system, which indicates that hydrocarbons are primary gas phase products formed upon 
glycerol decomposition and not or only to a small extent by gas phase reactions. In glycerol 
reforming the reactions depicted in Eqs. 10 and 11 proceed, while Eqs. 12 and 13 barely take 
place. Coke formation was not observed at all and most probably the reactions depicted in 
Eqs. 14-16 do not proceed. 
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Based on the experimental results, a simplified reaction scheme for the decomposition of 
glycerol with a focus on gas production was established and is given in Figure 6. More infor- 
mation on the selection of primary and secondary gas phase products can be found in litera- 
ture [18]. 


CH, + H20 | 
- Hot j+ 3H2 
+/- H20 
C3H803 —> liquid soluble products —> H2 + CO + CH4 + C2H4 + C2H6 + C3He + H2O 
= Hot + H20 - Hal + H2 z Hal y+ H2 
CO; + H2 C2H6 C3Hg 


Figure 6. Decomposition pathways for glycerol in SCW to gaseous products including possible follow-up reactions [18]. 


In this scheme, CH, is shown as a primary product, but can also be formed as a secondary 
product by methanation. Furthermore, water is produced and the WGS reaction and alkene 
hydrogenation are included. It is suggested that glycerol can either decompose into liquid 
soluble products that react further to gas products or that glycerol can directly decompose 
into gas products. In practice probably both reaction pathways occur. The overall mecha- 
nism at complete conversion of glycerol decomposition proceeds through the dehydration 
of 1 mol H,O/mol feed [18]. 


An important quality indicator for the gas composition is the Sy value as defined in Eq. 1. A 
Sy as close as possible to 2 is desired for methanol synthesis, but as was shown in Eq. 3 a Sy 
value of 1.33 is the maximum for gas derived in glycerol reforming. The experimental Sy as 
function of the glycerol conversion is depicted in Figure 7. It can be seen that for both types 
of glycerol the S, decreases with increasing conversion. The values are almost equal up to 
60%, but differ considerably at the higher conversion. The most attractive Sy's are obtained 
at the lower conversion although they remain below 1. The Sy can be improved by suppress- 
ing the formation of hydrocarbons, which is a challenge as hydrocarbons are formed as pri- 
mary gas phase products. 


3.3. Catalytic reforming 


Catalytic reforming was investigated to improve the quality of the syngas obtained in the 
noncatalytic reforming experiments for subsequent methanol synthesis. An extensive de- 
scription of catalytic reforming using five different catalysts is given in literature [29]. The 
catalytic experiments were conducted at temperatures between 648 to 973 K at pressures be- 
tween 25.5 - 27.0 MPa. The feed concentration was 10 wt%, and the residence time varied 
from 8 to 87 s. The experiments were conducted using only three reactors (R2, R3, and R4 in 
Figure 3), with only the latter two reactors containing catalyst. The catalysts clearly promote 
the glycerol decomposition rate and higher conversion were measured compared to nonca- 
talytic reforming. A typical figure with the gas concentration as a function of the tempera- 
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ture for a Ni based catalyst is given in Figure 8. The equilibrium curves were calculated 
using a model described in literature [18]. 


—— Pure glycerol 
Crude glycerin 


0 20 40 60 80 100 
Carbon conversion (%) 


Figure 7. S, for pure glycerol and crude glycerin as a function of the carbon conversion. 


The gas composition is a function of the temperature and in this case equilibria are reached 
at temperatures exceeding 780 K. This catalyst strongly promotes methanation, as the CH, 
concentration is much higher than in noncatalytic reforming. At the higher temperatures the 
CH, concentration goes down according to thermodynamics. When a Ni based catalyst is 
used the WGS reaction (Eq. 11) is at equilibrium and almost all CO is converted into CO,. 


After the reforming experiments traces of coke were visually observed at the catalyst surface 
and the reactor wall. 


Ni based catalyst 


Gas composition (vol%) 


673 773 873 973 


Figure 8. Gas concentration as a function of the temperature for a Ni based catalyst. P = 25.5 — 27.0 MPa, [glycerol] = 
10 wt%. The curves represent equilibrium compositions, the symbols are experimental points [29]. 
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The performance of this catalyst expressed in Sy, hydrocarbon content, and conversion is 
given in Figure 9. The conversion is almost complete over the whole temperature range. The 
concentration of hydrocarbons reaches a maximum as a function of the temperature and de- 
creases at the higher temperatures. The Sy has the inverse profile and increases with higher 
temperatures, but still remains below 1. 


1 
Ni based catalyst 


a CH, content ee 405 
= Conversion — 


(vol%)/Carbon conversion (%) 


y 


C H, content 


(K) 


reactor 


Figure 9. Performance indicators. P = 25.5 — 27.0 MPa, [glycerol] = 10 wt%, gy = + 100 g/h. The lines are trend lines 
and for illustrative purposes only. 


3.4. Consequences of the reforming process for the integrated concept 


The gas composition in noncatalytic reforming appeared to be not very attractive for 
methanol synthesis mainly due to the formation of hydrocarbons. Over a Ni based cata- 
lyst, CH, was the only hydrocarbon present in the gas phase. Its maximum concentration 
was close to 40 vol% at 730 K. A temperature increase resulted in a decreasing CH, con- 
centration. A further decrease can be realized at higher temperatures and lower feed con- 
centrations. Reduction of the hydrocarbon content has a positive effect on the Sy. At feed 
concentrations around 4 wt% and temperatures of approximately 1000 K, a Sy above 1 
can be obtained. These conditions are the most attractive from a gas composition point 
of view (see also Section 5). 


4, Methanol synthesis 


4.1. Introduction to methanol synthesis 


Methanol synthesis is conducted generally in catalytic gas-solid packed bed reactors. 
Three equilibrium reactions, taking place at the catalyst surface, are important: (i) the hy- 
drogenation of CO (Eq. 17), (ii) the hydrogenation of CO, (Eq. 18), and (iii) the WGS re- 
action (Eq. 11): 
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CO+2H, + CHOH (17) 


CO,+ 3H, @CH,OH + H,O (18) 


All reactions are exothermic. The conversion of CO+CO, at chemical equilibrium is a func- 
tion of pressure, temperature, and gas composition (see Figure 10). 


Methanol synthesis at industrial scale was initiated by BASF in the 1920s. The operating 
temperatures were high (573 — 633 K) because of the low catalyst activity [30, 31]. High 
pressures (15 — 25 MPa) were needed to obtain reasonable conversions. When more ac- 
tive Cu based catalysts and better syngas purification techniques became available, the 
operating temperature and pressure could be reduced. This development led to the so- 
called low pressure methanol synthesis process (5 — 10 MPa, 490 — 570 K) which was de- 
veloped by ICI in the 1960s. Since then, most high pressure units have been converted to 
low pressure systems [31, 32]. Both synthesis processes require large recycle streams of 
unconverted syngas due to the limited conversion per reactor pass as is shown in Figure 
10 [32]. The reactor temperatures can be lowered further (to 463 — 520 K) due to the re- 
cent development of more active catalysts. 


In the research study described in this chapter, a combination of low temperatures (468 — 
545 K) and high pressures (15 — 25 MPa) is investigated. At this combination of pressure and 
temperature the Equilibria conversions towards methanol are high (see Figure 10). 


4.2. Methanol condensation 


The methanol conversion in conventional methanol synthesis is restricted by the chemical 
equilibrium as shown in Figure 10. There are several opportunities to circumvent the limita- 
tions imposed by thermodynamic equilibria and they mainly involve in situ removal of 
methanol. This can be done, for example, by methanol adsorption on fine alumina powder 
or dissolving methanol in tetraethylene glycol, n-butanol, or n-hexane [33-35]. Another 
method involves in situ condensation at a cooler inside the reactor [36]. With all the different 
methods mentioned higher syngas conversions were obtained but at the same time all meth- 
ods have drawbacks including the use of other chemicals, complicated operation proce- 
dures, or low yields. Conversions beyond the chemical equilibrium can be obtained with in 
situ condensation of methanol and water without adsorbents or coolers. Condensation oc- 
curs at a combination of high operating pressures and low temperatures. Condensation has 
only been shown indirectly in literature by experimental observations of conversions be- 
yond equilibrium or theoretical models [37-40]. We’ve demonstrated in situ methanol con- 
densation visually in a view cell reactor. In this reactor a propeller-shaped stirrer was 
equipped with catalyst pellets. The view cell was operated semi-batch wise. Methanol syn- 
thesis started when syngas (H,/CO/CO, = 70/28/2 vol%) was fed to the reactor. The most 
striking observation was in situ condensation at 20.0 MPa and 473 K (Figure 11). Liquid for- 
mation was also observed at 17.5 MPa and 473 K and for other gas compositions [41]. 
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Figure 10. Equilibria in methanol synthesis. Approximate conditions are given for (i) conventional processes, (ii) BASF’s 
high pressure process, and (iii) Supermethanol (this work). Syngas: H,/CO/CO3/CH, = 67/24/4/5 vol% [8]. 


The liquid accumulated in the view cell upon prolonged reaction times. Part of the catalyst 
became immersed and even after complete immersion methanol synthesis from syngas bub- 
bling through the liquid went on. 


Catalyst 


-T 


-A$ 


Liquid 


Figure 11. Liquid formation in a view cell. P = 20.0 MPa, T = 473 K, Syngas: H}/CO/CO;, = 70/28/2 vol%. 


The liquid phase consists of mainly methanol and water. The exact composition is a function 
of conversion, process conditions, and syngas composition. Condensation may have positive 
effects on methanol synthesis as will be demonstrated later on in this chapter. Conversions 
higher than the chemical equilibrium are achieved and almost complete conversion of the 
limiting component(s) can be obtained at appropriate conditions. As a consequence, recycle 
and purge streams are not necessary, the limitations on the Sy become less strict, and metha- 
nol yields may be increased for a given reactor volume. Most probably the reaction rates in 
methanol synthesis will be higher at high pressure than at conventional conditions due to 
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higher partial pressures of the reactants, however, experimental validation is required to 
validate this hypothesis. 


4.3. Modelling simultaneous phase and chemical equilibria 


A solution model to calculate equilibrium conversions in methanol synthesis including con- 
densation was developed. The effects of process conditions (pressure, temperature, gas com- 
position) can be assessed with the model. Dew points were calculated using Eq. 19 for a 
given pressure and temperature for each component [42, 43]. A modification of the Soave- 
Redlich-Kwong equation of state (for polar components) was used to calculate the fugacities 
of each phase. 


ie =i (19) 


Where, f; is the fugacity of component i, V and L denote the vapor and the liquid phase re- 
spectively. The simultaneous chemical and phase equilibria were calculated using Eq. 19 
and theoretical equilibrium constants [44]. The model is described and explained in more 
detail in the literature [45]. 


A typical equilibrium diagram for H,/CO/CO,/CH, = 70/5/20/5 vol% is given in Figure 12. 
The equilibrium diagram for this gas composition illustrates clearly the influence of conden- 
sation on the equilibrium conversion. 
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Figure 12. Example of an equilibrium conversion diagram including chemical and phase equilibria. Gas phase equili- 
brium curve (a), dew point curve (b), equilibrium curve including liquid formation (c), extrapolation of the gas phase 
equilibrium curve (d), point where all equilibrium curves merge (e), difference between extrapolated gas phase equili- 
brium and equilibrium including liquid formation (f). P = 20.3 MPa, syngas: H,/CO/CO,/CH, = 70/5/20/5 vol% [41]. 


In the diagram, 4 curves are shown. Curve a (solid curve) is the gas phase equilibrium 
curve. Curve b (dashed curve) is the conversion at which a dew point occurs. Curve c (dot- 
ted curve) is the equilibrium curve including condensation and curve d (dashed-dotted 
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curve) is an extrapolation of the gas phase equilibrium curve. The 4 curves come together in 
point e. In this point (T = 507 K), the gas composition is at equilibrium and the dew point 
temperature of the mixture equals the reactor temperature. Curve d, the extrapolation of 
curve a, is the equilibrium conversion when condensation is neglected. When condensation 
occurs, the equilibrium conversion is much higher which is indicated by the arrow marked f 
(difference between curve c and d) in Figure 12. The value for f amounts to 13.9% at 473 K 


(Co = 82.6% vs. C = 96.5%) for this particular gas composition. 


CO+CO2 


4.4. High pressure methanol synthesis in a packed bed reactor 


Methanol synthesis experiments were conducted in the packed bed reactor using 3 different 
syngases (see Table 1) and pressures of about 20 MPa. Gas 1 and 2 represent typical metha- 
nol synthesis gases (Sy = 2.0 — 2.3), with gas 1 rich in CO and gas 2 rich in CO,. The composi- 
tion of gas 3 resembles a typical syngas obtained in the reforming of glycerol or biomass in 
general. For this gas Sy < 2 and H, is the limiting component. The experiments were per- 
formed with a large amount of catalyst to approach the equilibrium conversion. 


To check the assumption of equilibrium at the reactor outlet and that the experiments were 
not conducted in the kinetic regime experiments with different flow rates were conducted 
for gas 1. For the experiments, methanation and the formation of higher hydrocarbons were 
negligible. For gas 1, the CO+CO, conversion at 468 K and 20.7 MPa was 99.5%, which is 
7.7% higher than the equilibrium conversion calculated at 7.5 MPa. For gas 2, the difference 
between methanol synthesis at 20 and 7.5 MPa is more pronounced. The CO+CO, conver- 
sion at 484 K was 92.5% which is 46.9% higher than the equilibrium conversion predicted at 
7.5 MPa. 


Gas H, co co, CH, C,H, Sn Remarks 


(vol%) (vol%) (vol%) (vol%) (vol%) (-) 


1 67.0 24.4 3.5 5.1 - 2.3 Industrial gas 
2 69.9 5.0, 20.0 5A f 2.0 CO, rich gas 
3 54.2 28.9 10.9 4.0 2.0 1.1 Simulated RSCW gas 


Table 1. Compositions of the different gases used in methanol synthesis. 


The experimental and predicted equilibrium conversions for gas 1 and gas 2 are shown in 
Figure 13. At temperatures above 495 K for gas 1 and 507 K for gas 2 only a gas phase is 
present, while at lower temperatures condensation occurs. Methanol production continues 
in the two phase system until phase equilibrium and chemical equilibrium are reached. At 
the lowest temperatures in the range, the CO+CO, conversion is nearly complete for gas 1 
(Figure 13A). The conversion of CO+CO, decreased with increasing temperature as dictated 
by thermodynamics. The experimental conversions coincide nicely with the conversion pre- 
dicted by the model. The effect of condensation was more pronounced for gas 2 (Figure 
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13B). Here, the experimental conversion is even 12.7% higher than the extrapolated gas 
phase equilibrium curve (C = 79.8% vs. 92.5% at 484 K). 


(%) 


=co+co2 


Figure 13. Equilibrium diagrams for methanol synthesis. Gas 1 (A), P = 19.7 MPa [41]. Gas 2 (B) [45], P = 20.3 MPa. 
Symbols: experimental data; curves: model results. 


In Figure 14, both the CO+CO, conversion (Figure 14A) and the H, conversion (Figure 14B) 
are depicted for gas 3. At the two lower temperatures, the equilibrium predictions coincide 
nicely with the experimental data for, but this changes at the higher temperatures most 
probably due to the formation of HA. This is a common phenomenon for systems at higher 
temperatures with high CO partial pressures [46, 47]. HA formation is not included in the 
equilibrium model and this explains the deviations at higher temperatures. 
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Figure 14. Equilibrium diagram for methanol synthesis from gas 3 including the dew point curve for eo,coz (A) and ¢,,5 
(B). Symbols: experimental data; curves: model results. P = 19.4 MPa [45]. 


The concentration of the main HA is given in Figure 15. The methanol concentration clearly 
decreases over the temperature range in favor of the HA. Based on thermodynamics the for- 
mation of higher alcohols is expected as HA formation is favored over methanol [48]. The 
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main HA formed in the experiments were ethanol and 1-propanol followed by 1-butanol, 2- 
methyl-1-propanol, and 2-methy]l-1-butanol. 
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Figure 15. Methanol and HA concentrations as a function of the temperature for gas 3. P= 19.9 MPa. 


4.5. Consequences of methanol synthesis for the integrated concept 


The main result from high pressure methanol synthesis experiments is the observation that 
high conversions of the limiting component are attainable. These conversions are higher 
than calculated on the basis of chemical gas phase equilibria and are due to condensation. 
When the HA concentration was low, the experimental conversion corresponded nicely 
with the equilibria predicted. In conclusion, when a combination of high pressure and mod- 
erate temperature (463 < T < 500 K) is used, high conversions for glycerol derived syngases 
are expected. 


5. Demonstration of the integrated concept 


To demonstrate the integrated concept for methanol synthesis, experiments were conducted 
in the integrated continuous unit depicted in Figure 3 [8]. Both, process conditions and recy- 
cle options of the reforming section were investigated to maximize methanol yields. This re- 
quires proper operating conditions for each reactor section (reforming, methanol synthesis) 
to limit by-product formation (e.g. CH, higher hydrocarbons, and HA) and to allow opera- 
tion at high equilibrium conversions in methanol synthesis. In this section, both the results 
for the overall integrated process will be discussed as well as the result for the reformer sec- 
tion in these experiments. Four different cases are considered with different feed concentra- 
tions and operating conditions. An overview of the experiments is presented in Table 2 and 
a short resume is given below. 


The first case is considered the base case. The experiment of the base case was conducted 
using the LPS without recycling the effluent water (see Figure 3). Part of the gas produced is 
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lost as it dissolves in the aqueous phase that leaves the process. In case 2, 3, and 4 the efflu- 
ent water from the reformer is recycled after the HPS. Operating with a recycle stream at 
high pressure in RSCW is a unique feature. As a consequence of the recycle stream no gas is 
lost in the reformer section through the LPS and additionally, the water consumption of the 
process is reduced significantly. In these experiments the glycerol reforming is carried out 
catalytically by using the Ni based catalyst in combination with higher temperatures. All C,, 
hydrocarbons are then reformed and the CH, equilibrium concentration decreases (with 
higher temperatures) yielding a more attractive gas composition [29]. 


Finally, in case 4 an extra methanol synthesis packed bed (P1) was added to achieve equili- 
brium gas phase conditions at the outlet. The methanol synthesis section now consists of 3 
packed bed reactors (P1 — P3) in series. The three packed beds were operated at different 
temperatures, viz. + 518 K (P1), + 503 K (P2), and 481 — 482 K (P3) by cooling the heating 
medium between the reactors. The reaction rate in methanol synthesis depends strongly on 
temperature. Higher temperatures lead to higher reaction rates. In the first reactor (P1) the 
reaction rate will be relatively high while the second (P2) and third (P3) are used to achieve 
equilibrium. Typical run times for the experiments were 6 — 10 h and steady state was 
reached in approximately 2 h. In case 4 the operating time exceeded 20 h of which 16 h in 
the integrated mode. This experiment is considered as the long duration experiment. 


Case Catalyst? (g) Recycle Catalyst! (g) 
R34 R49 R5? P14 P2¢ P34 
1 - - : - 50 51 
2 10 10 3 yes - 50 51 
3 10 10 3 yes - 50 51 
4c 10 10 3 yes 51 50 51 


aNi based catalyst. 
>A commercial Cu/ZnO/AI,O; catalyst. 
‘The catalyst in the reforming section was replaced by fresh catalyst. 


AR = reformer, P = packed bed reactor for methanol synthesis. 


Table 2. Overview of experiments in the integrated unit. R3-5 and P1-3 correspond with the reactors in Figure 3 [8]. 


5.1. Reformer performance 


Typical conditions for the reformer section (see Figure 3) for these experiments were pres- 
sures from 24 to 27 MPa and temperatures between 948 and 998 K. At these conditions the 
residence times of the reformer section (R1 — R5) were in the range of 30 — 35 s. The composi- 
tion and quantity of the off-gas were analyzed to determine the carbon balance. The hydro- 
carbon concentration in the off-gas is the summation of the concentrations of CH, and C,H,. 
The main results of the glycerol reformer section are summarized in Table 3. 
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Carbon balance closure for the reformer is very satisfactorily and was between 95 and 104%. 
The glycerol conversion was almost complete for all experiments, which is in line with pre- 
vious work [18, 29]. The syngas produced had the following composition range: 
H,/CO/CO,/C,H, = 44 — 67/1 — 21/16 — 34/2 — 18 vol%, 0.7 < Sy < 1.2. The results for each case 
will be discussed separately in the following section. 


5.1.1. Base case 


The base case experiment was conducted with a glycerol feed concentration of 10 wt% at 27 
MPa and 948 K. The unit was operated without a catalyst in the reformer section and in a 
once-through mode. Part of the gas (ca. 13%) dissolved in the effluent stream from the LPS 
(see Figure 3, D,) and is not used for the subsequent methanol synthesis. Due to the absence 
of catalysts, a significant amount of CO is present in the syngas. The product gas has a rela- 
tively low Sy value of 0.7, which is mainly caused by the formation of hydrocarbons (18 vol 
% consisting for approximately 74 of CH, and ¥% of C,H,). 


Case P, Te Poy [Gly] H, CO CO, GH, Sy Gi Gia 

(MPa) (K) (g/h) (wt%) (vol%) (-) (%) (%) 

1 27 948 106 104 4 21 17 18 0.7 96° 96 

2 24 998 97 +10 55 2 32 11 0.7 99.9° 97 

3 24 998 35 +4 59 1 34 6 0.8 99.9° 104 

4 26 998 35 +4 66 1 30 3 1:2 99.9° 95 
Loc.4 Ais B c D, D; D, D, 


aThe pressure is an average pressure. The actual operating pressure is the indicated pressure + 1 MPa. 
ÞBased on carbon content in the effluent water. 
‘Experiment conducted in recycle mode. Glycerol conversion is estimated based on previous work [29]. 


‘Locations where the parameters were measured (see Figure 3). 


Table 3. Results of the reforming section (before methanol synthesis) [8]. 


5.1.2. Case 2 — 4 


The intention for case 2 was to aim for higher S, values. A Nibased catalyst was added to reactor 
R4 and R5 to reform the higher hydrocarbons. As a consequence the WGS reaction also reached 
equilibrium and almost all CO was converted into CO, [29]. The temperature of reactor R5 was 
increased with 50 K compared to the base case to aim for a more advantageous equilibrium 
composition (less CH,). Furthermore, the effluent water was recycled at high pressure. Recy- 
cling the effluent water drastically reduces the water consumption of the process. The recycle 
flow was adjusted in such a way that the aqueous reactor inlet flow was comparable to the inlet 
flow in the base case. Compared to the base case no gas was lost through the effluent stream 
from the LPS. The gas composition obtained over this catalyst differed substantially from the 
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base case. The CO concentration was reduced from 21 vol% to 1-2 vol% and the concentration 
of the hydrocarbons was significantly lower and approached equilibrium (C,H, ~ 0 vol% and 
CH,=11 vol%). The Sy value was similar to the base case. 


For case 3 the glycerol feed concentration was reduced to approximately 4 wt%. The H, and 
CO, concentration increased compared to the base case, whereas the CO and hydrocarbon 
concentration were lower, resulting in a slightly more attractive Sy value of 0.8. In the last 
case (4), a fresh reforming catalyst was used leading to the lowest hydrocarbon concentra- 
tion and the highest H, concentration of all experiments. For instance, C,;H,, which account- 
ed for % of the hydrocarbon content in the base case, was not detected in the product gas. 
The Sy increased to 1.2 which is close to the theoretical maximum of 1.33 (Eq. 3). 


5.2. Performance of the integrated process 


The results for the integrated process, including methanol synthesis, are presented in Table 
4. The equilibria in methanol synthesis were calculated with the data from Table 3 as input 
and the equilibrium model described in Section 4.3. If applicable, condensation of methanol 
and water was accounted for in the equilibrium calculations [45]. The equilibrium data 
should be considered with some care, because the results are based on the assumption of 
constant gas composition and gas flow from the reformer section. As for the reforming ex- 
periments, all methanol synthesis experiments have good closures of the carbon balance (93 
— 96%), particularly when regarding the complexity of the integrated process. A detailed 
summary of the experimental results of the integrated process is given below. As in section 
5.1, case 1 is considered as base case and the results of the other experiments are compared 
to this experiment. 


Case T H, CO CO, C,H, n? MeOH’? H,O — A C4 
(K) (vol%) (wt%) (%) 
1 468 3 2 44 51 0.27 99 1 58 26 95 
equi 468 2 44 49 0.28 99 1 59 28 x 
2 498 42 0 40 18 0.29 67 33 35 27 96 
equi 498 25 1 46 28 0.35 66 34 45 33 : 
3 483 49 0 40 11 0.27 65 35 39 26 93 
equi 483 15 1 61 23 0.50 65 35 54 48 : 
4 481 20 0 60 20 0.62 65 35 71 60 94 
equi 48111 1 69 19 0.65 65 35 70 62 z 
Loc.< E G G G G F z : p = z 


aUnits = (kg methanol/kg glycerol). 


’The liquid phase is assumed to consist of water and methanol. The methanol concentration here is calculated by 100 
wt% - (water concentration). The exact composition of the organic phase is given in Table 5. 


‘Locations where the parameters were measured (see Figure 3). 


Table 4. Results of methanol synthesis from glycerol derived syngas [8]. 
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5.2.1. Base case 


In the experiment in case 1, the methanol synthesis reactors were operated at 468 K. Hydrocar- 
bons are inert in methanol synthesis and as a results their concentration increased strongly in 
the off-gas of the methanol synthesis reactor to over 50 vol%. The H, and CO concentration in 
the outlet of the methanol reactor were 3 and 2 vol%, respectively. The CO, concentration in- 
creased compared to the reforming gas, as mainly CO was converted to methanol. The gas com- 
position and liquid yield at the exit of the methanol reactor were close to equilibrium, with the 
liquid yield slightly lower and experimental conversion slightly higher than predicted by equi- 
librium modelling. The overall carbon conversion was 26% which is equal to a methanol yield of 
0.27 kg methanol/kg glycerol. The conversion of 26% is the highest conversion possible with 
sucha syngas composition, because equilibrium was reached. 


5.2.2. Case 2 —3 


In case 2, a different approach was followed. Due to the Ni based catalyst in the reforming 
section the hydrocarbon concentration decreased and almost all C,H, was reformed. Fur- 
thermore, almost all CO was converted into CO,, which therefore became the main carbon 
source of methanol. The temperature of the methanol synthesis reactors was increased com- 
pared to the base case (from 468 — 498 K), because methanol synthesis from mainly CO, 
proved to be slower than methanol synthesis from CO. The methanol yield was, with 0.29 
kg methanol/kg glycerol, similar to the base case, but in case 2 equilibrium was not reached. 
Higher conversion are thus possible with longer residence times. 


For case 3 the glycerol feed flow was reduced with a factor 3 to improve the gas composi- 
tion, resulting in a reduction in feed gas flow. Therefore, to obtain higher conversion, the 
temperature of the methanol synthesis reactor was reduced to 483 K. Again, the carbon con- 
version and methanol yield (0.27 kg methanol/kg glycerol) were comparable to the base 
case, but remained far from equilibrium. 


5.2.3. Case 4: Long duration experiment in the integrated unit 


In case 4 (long duration run, 20 h) an extra methanol synthesis packed bed (P1) was filled 
with catalyst. The methanol synthesis reactors were operated at three different temperatures 
(+ 518 K (P1), + 503 K (P2), and 481 — 482 K (P3). The lowest hydrocarbon concentration in 
the gas phase after the reformer was observed due to the use of a fresh reforming catalyst. 
As a consequence the corresponding carbon conversion in the methanol synthesis unit in- 
creased to 60% (7 = 0.62 kg methanol/kg glycerol). Nevertheless, even higher methanol 
yields are possible as equilibria were not yet achieved. In the first 4 h of the long duration 
experiment, only the reformer section was operated. Methanol synthesis was carried out 
over a 16 h period and the hourly liquid methanol yields and volumetric flows at the exit of 
the methanol synthesis unit (point G in Figure 3) are shown in Figure 16. 


Though some scattering in the methanol yield can be noted (due to some pressure fluctua- 
tion and uncontrolled release by the back pressure valve during the experiment), the inte- 
grated system was running steadily and the methanol yield was more or less constant. The 
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selectivity (o) is depicted in Figure 16B. The methanol selectivity is equal to the carbon con- 
version and amounts to 60% on average. An average value of 8.7% of the carbon present in 
glycerol ends up as CH,. The scattering pattern for the methanol selectivity is similar to the 
scattering in the methanol yield in Figure 16A. The selectivity towards CH, is also more or 
less constant. It seems that no deactivation or reduced activity for both the reformer section 
and the methanol synthesis section were observed during the course of the experiment. 
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Figure 16. Methanol yields from glycerol and volumetric flow at the exit of the methanol reactor of the long duration 
experiment (A). Carbon selectivity towards methanol and CH, (B) [8]. 


5.3. Liquid composition after methanol synthesis reactor 


The main constituents of the liquid products of the integrated experiments are given in Ta- 
ble 5. The liquid phase was analyzed on methanol, water, and the eight most common HA. 
In general, the concentration of HA was very low (< 0.23 wt% of the total and < 0.24 wt% of 
the organic fraction), probably due to the low temperatures of the methanol synthesis and 
the high CO, content of the feed gas, leading to the formation of water [46]. Ethanol was the 
most predominant among the HA, with a maximum concentration of 1.2 wt%o. Noticeably, 
when methanol was predominantly synthesized from CO, (case 2 — 4) the concentrations of 
HA were negligible. This is in agreement with literature data which show that the concen- 
trations of HA decrease at higher H,/CO ratios in the syngas feed [46, 47]. 
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Case Liquid product Higher alcohols 
MeOH H,O HA Purity? EtOH 2-pro- 1-bu- 2-m-1- 2-m-1- 
panol tanol propanol butanol 
(wt%) (wt%o) 
1 97.8 1.1 0.23 99.8 1.2 0.7 0.2 0.2 0.1 
2 66.5 33.0 0.00 99.9 0.0 0.0 0.0 0.0 0.0 
3 65.9 34.6 0.00 99.9 0.0 0.0 0.0 0.0 0.0 
4 65.1 34.9 0.01 99.9 0.1 0.0 0.0 0.0 0.0 


aMethanol content of the organic fraction. 
Table 5. Composition of the liquid phase [8]. 


5.4. Process analysis 


The experiments conducted in the integrated unit were aimed at obtaining high carbon 
conversions and methanol yields when reforming aqueous glycerol solutions to syngas 
followed by methanol synthesis. The gas composition after reforming appeared to be the 
most critical factor and has a major effect on the final methanol yield. Particularly the 
formation of hydrocarbons should be avoided in the reformer section as hydrocarbons 
are inert in the subsequent methanol synthesis. Therefore, hydrocarbon reduction was 
the main objective in the experimental reformer program and was pursued by the appli- 
cation of catalysts, higher reforming temperature, and reduction of the feed concentra- 
tion. Application of a suitable catalyst (Ni based) indeed led to a considerable reduction 
in the amount of hydrocarbons in the reformer off-gas, though as a consequence almost 
all CO was converted into CO,. Further research will be required to identify reformer 
catalysts that promote glycerol decomposition rates and hydrocarbon reforming, but do 
not enhance the WGS reaction. In this respect, Ir-based catalysts are promising because 
of good performance in aqueous phase reforming [49]. 


The conversion of CO into CO, in the reformer section, as observed when using the Ni based 
catalyst, is not detrimental for the subsequent methanol synthesis. With the commercial 
methanol synthesis catalyst used in this study, CO, hydrogenation is possible, as was also 
proven here, though the overall reaction rates in methanol synthesis are lower than in case 
of CO hydrogenation [50]. An advantage, however, of CO, hydrogenation is the high purity 
of the organic fraction, as the formation of HA is suppressed by, most probably, the pres- 
ence of water [46, 51]. 


In the demonstration of the integrated concept, pure glycerol was used as feedstock for the 
process. When crude glycerin is used salts are present and they have to be removed upfront. 
Continuous salt removal is possible and has been demonstrated in the literature [52]. 
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6. Conclusion 


A successful experimental demonstration of glycerol conversion to methanol was shown by 
the integration of two processes. Glycerol was reformed in supercritical water to syngas and 
the syngas was subsequently converted to methanol. Before integration of the two processes 
the processes were investigated individually. In glycerol reforming a gas containing mainly 
H, CO, CO, CH, and C,H, was produced. When a Ni based catalyst was used the higher 
hydrocarbons were reformed and CH, approached its equilibrium concentration. In metha- 
nol synthesis in situ condensation was observed which positively influences the equilibrium 
conversion. At temperatures around 473 K and pressures above 20 MPa almost complete 
conversion of the limiting components was obtained. 


The methanol yields of the integrated process depended mainly on the gas composition ob- 
tained in the glycerol reforming process, which appeared to be the most attractive for meth- 
anol synthesis at high temperature and low feed concentration in combination with a Ni 
based catalyst. The continuous unit was modified during the experimental program to in- 
crease the methanol yields. The effluent water of the reformer section was recycled at high 
pressure, to reduce the water consumption of the process. The highest methanol yield of 
0.62 kg methanol/kg glycerol was obtained using the Ni based catalyst in the reformer sec- 
tion and recycling of the effluent water. In this particular experiment glycerol was converted 
to mainly H, and CO, and smaller amounts of CH, and CO. In this experiment, 60% of the 
carbon present in the glycerol ends up in methanol. These yields are close to the equilibrium 
yields. The integrated unit was operated smoothly for more than 16 h without catalyst deac- 
tivation. 


The scope of the project is much broader than the production of methanol from glycerol for 
the reuse in biodiesel production. Due to the investigation of the individual processes more 
insights in reforming and methanol synthesis were obtained. Furthermore, the feedstock for 
the reforming process was glycerol in this case, but several types of biomass (preferably liq- 
uid) including aqueous phase fractions from pyrolysis oil upgrading, black liquor, etc. can 
be used for the reforming process. When these types of feedstocks are ‘green’ renewable 
methanol can be produced, which is a promising process for the (near) future. 
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Figures 5 and 8 and portions of Section 3 were originally published in the Journal of Super- 
critical Fluids [29] and used with permission. 


Figure 6 and portions of Section 3 were originally published in the Journal of Supercritical 
Fluids [18] and used with permission. 


Figures 12 and 13B and portions of Section 4 were originally published in Chemical Engi- 
neering Science [41] and used with permission. 


Figures 13A and 14 were reprinted with permission from [45], copyright 2012 American 
Chemical Society. 
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